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ABSTRACT

A growing body of evidence implicates requisite roles for GTP and its binding proteins (Rho GTPases)
in the cascade of events leading to physiological insulin secretion from the islet beta cell. Interestingly,
chronic exposure of these cells to hyperglycaemic conditions appears to result in sustained activation
of specific Rho GTPases (e.g. Rac1) leading to significant alterations in cellular functions including
defects in mitochondrial function and nuclear collapse culminating in beta cell demise. One of the
objectives of this review is to highlight our current understanding of the regulatory roles of GTP and
Rho GTPases in normal islet function (e.g. proliferation and insulin secretion) as well potential defects
in these signalling molecules and metabolic pathways that could contribute islet beta cell dysfunction
and loss of functional beta cell mass leading to the onset of diabetes. Potential knowledge gaps in this
field and possible avenues for future research are also highlighted.

Abbreviations: ARNO: ADP-ribosylation factor nucleotide binding site opener; CML: carboxyl
methylation; Epac: exchange protein directly activated by cAMP; ER stress: endoplasmic reticulum
stress; FTase: farnesyltransferase; GAP: GTPase activating protein; GDI: GDP dissociation inhibitor;
GEF: guanine nucleotide exchange factor; GGTase: geranylgeranyltransferase; GGpp: geranylger-
anylpyrophosphate; GGPPS: geranylgeranyl pyrophosphate synthase; GSIS: glucose-stimulated
insulin secretion; HGPRTase: hypoxanthine-guanine phosphoribosyltransferase; IMPDH: inosine
monophosphate dehydrogenase; a-KIC: a-ketoisocaproic acid; MPA: mycophenolic acid; MVA:
mevalonic acid; NDPK: nucleoside diphosphate kinase; NMPK: nucleoside monophosphate kinase;
Nox2: phagocyte-like NADPH oxidase; PAK-I: p21-activated kinase-l; B-PIX: (B-Pak-interacting
exchange factor; PRMT: protein arginine methyltransferase; Rac1: ras-related C3 botulinum toxin
substrate 1; Tiam1: T-cell lymphoma invasion and metastasis-inducing protein 1; Trx-1: thiore-
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Introduction

Glucose-stimulated (physiological) insulin secretion
(GSIS) from pancreatic beta cells involves a series of
metabolic and cationic events leading to the transport
of insulin secretory granules to the plasma membrane
for fusion and secretion of insulin into circulation.
Besides alterations in intracellular calcium levels,
a multitude of hydrophilic (e.g. ATP, cAMP and inosi-
tol phosphates) and hydrophobic (e.g. hydrolytic pro-
ducts of phospholipids, including lysophospholipids
and arachidonic acid) second messengers have been
shown to partake in the functional regulation of
a variety of target proteins in the glucose-stimulated
beta cell. Some of these include phospholipases, adeny-
lyl cyclase, protein kinases and protein phosphatases.
A finely orchestrated regulation of these proteins via
glucose metabolic events has been shown to provide

ideal conditions conducive for precise control of key
cellular events, including cytoskeletal remodelling, vesi-
cular transport and fusion culminating in insulin secre-
tion via exocytosis [1-9].

It is noteworthy that, in addition to the facilitation of
GSIS by adenine nucleotides (ATP), substantial experi-
mental evidence suggests that intracellular levels of gua-
nine nucleotides (GTP) play essential roles in
physiological insulin secretion. For example, using selec-
tive inhibitors of the GTP biosynthetic pathway (e.g.
mycophenolic acid; MPA), Metz and co-workers have
provided the first evidence for a permissive role for GTP
in GSIS [10]. Although, the precise mechanisms under-
lying GTP-mediated GSIS remain elusive, experimental
evidence from several laboratories indicates that they
might involve activation of one (or more) GTP binding
proteins (referred to as G proteins hereinafter; 11-13 for
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reviews). Two major classes of G proteins have been
identified in pancreatic islet B-cells. The first group of
these signalling proteins is trimeric in nature, which is
comprised of a (39-43 kDa)-, B (35-37 kDa)- and y- (6-8
kDa) subunits. This class of G proteins is involved in
coupling of various G protein coupled receptors
(GPCRs) to their intracellular effectors, such as adenylyl
cyclase, phosphodiesterase, etc. The second group of
G proteins is comprised of small molecular mass (20-25
kDa) G proteins, which are implicated in transport of
secretory vesicles to the docking sites on the plasma
membrane for fusion and release of their cargo (e.g.
insulin) into circulation. This family of G proteins is
further divided into three subfamilies. The first one is
comprised of Rho, Racl, Cdc42 and Arf-6. A growing
body of evidence suggests critical modulatory roles of
these proteins in islet beta cell functions including cytos-
keletal remodelling, insulin granule transport and fusion
with plasma membrane for exocytotic secretion of insulin.
The second subfamily of small GTPases is comprised of
Rapl, Rab3A and Rab27, and it has been shown that the
Rab GTPases are involved in precise regulation of prim-
ing and docking of insulin-laden secretory granules at the
plasma membrane. The small G protein Rapl plays sig-
nificant roles in B-cell functions including beta cell pro-
liferation and GSIS. The third group of small G proteins
consists of Rab2, Rhes and Rem?2; potential regulatory
roles of these G protein remain less understood in the
islet beta cell. It is noteworthy that RalA, a small
G protein, appears to elicit direct regulatory effects in
exocytosis via its direct interaction with the exocyst com-
plex [11-13]. In addition to their well-defined roles in islet
beta cell function, Racl and Rap1 serve as members of the
cytosolic and membrane cores of phagocyte-like NADPH
oxidase (Nox2), respectively [14-16] for reviews).
Following receipt of appropriate signal(s), the cytosolic
core of Nox2 translocates to the membrane for association
with the membranous core to complete the holoenzyme
assembly and activation of the enzyme. Indeed, several
studies have suggested key roles for Nox2-mediated reac-
tive oxygen species (ROS) in the regulation of islet beta
cell function in health and diabetes. The reader is referred
to recent reviews in this field, which were dedicated on
our current understanding of regulatory roles of these
regulatory proteins in islet beta cell functions, such as
GSIS, proliferation and apoptosis [14,15]. Furthermore,
recent reviews [14,17-19] have highlighted novel roles of
Rho GTPases (e.g. Racl), in the onset of dysfunction of
the islet beta cell under conditions of metabolic stress and
diabetes, including glucolipotoxicity, endoplasmic reticu-
lum (ER) stress, and exposure to pro-inflammatory cyto-
kines (e.g. IL-1P) and biologically active sphingolipids
(e.g. ceramide).

From a functional regulation standpoint, several fac-
tors/proteins have been identified in the islet p-cell that
precisely regulate small G-proteins, which cycle
between their inactive (GDP-bound) and active (GTP-
bound) conformations. These include guanine nucleo-
tide exchange factors (GEFs; e.g. Tiaml. Vav2, ARNO,
B-PIX; Epac etc.), GDP-dissociation inhibitors (GDlIs;
e.g. GDIa, GDIPB and GDIy), and the GTPase-activating
proteins (GAPs). These classes of regulatory proteins
(GEFs, GDIs, and GAPs) act in a concerted fashion to
retain the candidate G proteins in their active-inactive
conformation (GTP hydrolytic cycle) for cellular acti-
vation. The reader is referred to recent reviews on the
topic highlighting their regulatory roles in islet beta cell
function and dysfunction [11-15,17-19].

For brevity, this review is divided into three sections.
The first one will focus on regulatory roles of endogenous
GTP as a modulator of islet beta cell function, including
GSIS. This section will also highlight functional conse-
quences of long-term depletion of endogenous GTP pools
on islet function, including inhibition of proliferation
and/or acceleration of apoptosis. The second section of
this article will highlight evidence indicating roles of Rho
G proteins in islet function under physiological condi-
tions, and dysfunction under conditions of metabolic
stress and diabetes. In addition to concluding remarks,
the final section will highlight potential knowledge gaps in
the field for future research.

Roles of GTP as a modulator of islet beta cell
function and dysfunction

Original investigations from Metz and co-workers took the
perspective that inosine monophosphate dehydrogenase
(IMPDH; EC 1.1.1. 205) represents a molecular integrator
and/or sensor that exerts both secretory and proliferative
effects within beta cells [10,20,21]; Figure 1). IMPDH is
a rate-limiting enzyme in the de novo synthesis of GTP,
which modulates both exocytotic insulin secretion and
DNA synthesis, as well as a number of other critical cellular
functions within the beta cell. Alterations in the expression
or activity of IMPDH may be central to beta-cell replica-
tion, cell cycle progression, differentiation and mainte-
nance of sufficient beta cell mass, effects that are probably
mediated both by GTP directly, and indirectly via small
G proteins. More importantly, if GTP is depleted, a host of
beta cell functions becomes progressively impaired; leading
to the removal of the effete cell via apoptosis [20,21].
Published evidence reviewed earlier [20] suggests key reg-
ulatory roles of intracellular GTP including: [i] activation
of G proteins leading to important regulatory effects on cell
traffic, ion fluxes, phospholipases; [ii] activation of RNA
and protein (insulin) synthesis as well as secretory granule
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Guanine

Figure 1. Schematic representation of GTP biosynthetic pathway.

Previous studies by Metz and co-workers in rodent islets and a variety of clonal beta cells have suggested that synthesis of guanine
nucleotides occurs largely via the salvage pathway, mediated by hypoxanthine-guanine phosphoribosyl transferase (HGPRTase), and to
a limited extent via the de novo synthetic pathway (see text for additional details). Both salvage and de novo pathways use phosphoribosyl
pyrophosphate (as the common precursor), and converge upon inosine monophosphate (IMP), which, in turn, is converted to xanthosine
monophosphate (XMP) by IMP-dehydrogenase (IMPDH). XMP is then converted to guanosine monophosphate (GMP) by GMP synthetase,
and subsequently to guanosine diphosphate (GDP), via nucleoside monophosphate kinase (NMPK). GDP is phosphorylated to GTP by
nucleoside diphospokinase (NDPK) using ATP as a phosphoryl donor. Numerous investigations from the author’s laboratory have demon-
strated the expression of, and regulation of function by NDPKs and related histidine kinases in rodent islets and clonal beta cell preparations
[13]. IMPDH is inhibited by MPA. In addition to MPA (not shown here), other inhibitors of IMPDH, such as mizoribine, ribavirin and tiazofurin
have also been employed by researchers to affirm roles of intracellular GTP in islet function [10,20,21]. Lastly, guanine serves as a precursor
for GMP biosynthesis (salvage pathway), which is catalysed by HGPRTase in the presence of 5-phosphoribosyl-1-pyrophosphate. A host of
cofactors, modulators and intermediate steps involved in this pathway has been omitted from this figure for brevity.

biogenesis; [iii] DNA synthesis; [iv] ATP (and CTP) synth-
esis; [v] nucleoside diphosphate kinase (NDPK) or histi-
dine kinase-mediated phosphotransfer reactions; [vi]
formation of cGMP; [vii] nitric oxide synthesis (via GTP
cyclohydrolase and tetrahydrobiopterin production); [viii]
modulation of activities of enzymes (e.g. glutamate dehy-
drogenase; succinyl thiokase; transglutaminase; CDP-
diglyceride synthase; PIP kinase etc); [ix] intracellular

calcium accumulation and release; and [x] functional reg-
ulation of protein and phospholipid methyl transfearses. It
is noteworthy that the aforestated regulatory effects of GTP
on candidate signalling steps have been reported in islet
beta cells [20]. Data accrued from earlier investigations
demonstrating the requisite nature of GTP in nutrient-
induced insulin secretion are briefly reviewed in the follow-
ing section.
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Roles of GTP in physiological insulin secretion

Seminal contributions by Metz and co-workers have
provided compelling evidence for direct regulatory
roles of GTP in physiological insulin secretion in
rodent islets [10,22-25]. These studies employed two
selective inhibitors of de novo biosynthesis of GTP,
namely MPA or mizoribine to address this question
[10]. A greater than 80% reduction in intracellular
GTP levels was noted in rat islets following treatment
with MPA. Moreover, supplementation of guanine
restored endogenous GTP levels via the nucleotide
salvage pathway (Figure 1). Under these conditions,
MPA markedly attenuated GSIS; such insulin secre-
tory defects were prevented by exogenous guanine
supplementation. Furthermore, other IMPDH inhibi-
tors, such as mizoribine and ribavirin elicited similar
inhibitory effects on GTP levels and GSIS in rat islets.
Lastly, exposure of rat islets to MPA resulted in inhi-
bition of insulin secretion induced by a-ketoisocaproic
acid (KIC) or by a phorbol ester. Interestingly, MPA
exerted no significant effects on insulin secretion eli-
cited in the presence of a depolarizing concentration
of KCI. Based on these findings the authors concluded
that GTP is required, and may even be rate limiting,
for insulin secretion [10]. Follow-up investigations by
Meredith et al [23,25] have demonstrated that glu-
cose-mediated potentiation of calcium-induced insu-
lin secretion was markedly attenuated by MPA in
normal rodent islets. Along these lines, Komatsu
et al [26] reported calcium-dependent and -
independent potentiation of insulin secretion occurs
via one metabolic pathway involving calcium and
GTP-stimulated exocytosis [26]. In addition,
Vadakekalam and co-workers [24] have demonstrated
that intracellular GTP plays requisite regulatory roles
in the cascade of events leading to glucose-induced
phospholipase C (PLC) activation and insulin secre-
tion. Earlier investigations from the author’s labora-
tory have demonstrated critical requirements for
endogenous GTP in glucose-induced carboxyl methy-
lation (CML) of small G proteins (Cdc42) and the the
y2 and y5 subunits of trimeric G proteins [27,28].
Lastly, Syed and co-workers [29] have reported that
depletion of endogenous GTP levels with MPA sig-
nificantly reduced glucose-induced activation of Racl
and Nox2-derived ROS generation in insulin-secreting
INS-1 832/13 cells. Other immunosuppressants, like
cyclosporine A or rapamycin, which do not deplete
endogenous GTP levels, failed to affect glucose-
induced ROS generation, suggesting that endogenous
GTP is necessary for glucose-induced Nox2 activation
and ROS generation.

Roles of GTP in beta cell survival and apoptosis

Li and co-workers demonstrated damaging effects of
prolonged depletion of intracellular GTP on the meta-
bolic fate of islet beta cell. Using insulin-secreting HIT-
T15 and INS-1 cells, they reported a marked reduction
in mitogenesis and metabolic viability in beta cells
exposed to MPA or mizoribine [30]. A significant
increase in condensation and fragmentation of DNA
were also noted in GTP-depleted beta cells. More
importantly, beta cell death associated with GTP-
depletion was prevented by coprovision of guanosine,
but not adenosine or deoxyguanosine. These findings
affirmed specific regulatory roles of intracellular GTP
on islet beta cell function. Based on these findings, the
authors concluded that prolonged depletion of GTP
induces beta cell death by a mechanism involving
a direct impairment of GTP-dependent RNA-primed
DNA synthesis and functional defects of small
G proteins [30]. In a follow-up study, they noted
a significant reduction in cell-cycle progression from
GI phase into S and G2/M phases leading to apoptotic
demise of pancreatic beta cells consequential to reduc-
tion of endogenous GTP levels following exposure to
MPA. Interestingly, a substantital increment in the
activities of a variety of caspases (e.g. caspase 2, 3
and 9) were also demonstrated under these experimen-
tal conditions. Importantly, however, only caspase 2
activation preceded induction of apoptosis. Based on
these data, it was proposed that activation of caspase 2
could play critical regulatory roles in the induction of
metabolic dysfunction and apoptosis following deple-
tion of intracellular GTP [31]. Subsequent investiga-
tions by these investigators indicated that p21(Wafl/
Cipl) may act as an upstream signal to block mitogen-
esis leading to activation of specific caspases, which, in
turn, contribute to induction of apoptosis [32].

Metz and co-workers identified, by RT-PCR, both
constitutive (i.e. type 1) and inducible (i.e. type 2) forms
of IMPDH in transformed beta cells or in intact islets.
Glucose (but not 3-0-methylglucose, L-glucose, or fruc-
tose) or KIC increased IMPDH enzymatic activity [33].
MPA and mizoribine reduced IMPDH activity and inhib-
ited DNA synthesis in response to glucose or KIC.
Furthermore, they demonstrated that the inhibition of
DNA synthesis was reversible, completely prevented by
repletion of cellular GTP, but not ATP. Based on these
findings, these researchers proposed that adequate
IMPDH activity (and thereby, availability of GTP) is
a critical requirement for beta-cell proliferation.

Studies by Kim and co-workers [34] in insulin-
secreting beta cells have revealed a significant increase
in the activation of JNK, ERK, p38MAPK, caspase 3



and cell demise following exposure to MPA. Provision
of guanosine, but not adenosine, reversed the effect of
MPA; these findings led to the conclusion that deple-
tion of endogenous GTP leads to activation of stress
kinases and caspase 3 culminating in the apoptotic
demise of the islet f-cell. Along these lines, Gallo and
co-workers [35] examined the effect of GTP depletion
(by MPA) on a variety of apoptotic indices in clonal
beta (BTC-1 and PTC-6) cells and human pancreatic
islets. Significant alterations in the architecture of cells,
reduction in cell viability and GSIS were seen in MPA-
treated cells. In addition, GTP depletion also resulted in
a marked down-regulation of expression of genes
involved in B-cell function as well as increase in Bax/
Bcl2 ratios were noted under these conditions. These
findings suggested that GTP depletion markedly affects
the survival and function of murine and human pan-
creatic P-cells via regulation of signalling pathways at
multiple levels [35]. In this context, Huh and co-
workers reported a significant reduction in the expres-
sion of thioredoxin 1 (Trx1) in clonal beta cells and rat
islets following exposure to MPA [36]. Overexpression
of Trxl in these cells promoted cell viability by sup-
pressing the activations of JNK, caspase 3, and upregu-
lation of ROS in MPA-treated cells. Lastly, siRNA-
mediated knockdown of Trxl potentiated MPA-
induced activation of JNK and caspase 3 and associated
cell death. These findings have significant clinical trans-
lational implication since prevention of down regula-
tion of Trx1, in response to MPA, might represent one
of the important approaches for successful islet trans-
plantation [36]. Recent investigations have also identi-
fied  accelerated RhoGDIa/Racl/JNK  signalling
pathway as a mediator of metabolic dysfunction and
demise of the islet beta cell under conditions of GTP-
depletion [37,38]. Using yeast 2-hybrid (Y2H) analysis,
Huh and co-workers have identified arginine
N-methyltransferase 3 (PRMT3) protein as an interact-
ing partner of RhoGDI-a in insulin-secreting INS-1E
cells. Interestingly, the expression of PRMT3 was mark-
edly attenuated in MPA-treated cells undergoing apop-
tosis. Based on these and additional findings, these
investigators proposed that precise control of the inter-
action between PRMT3 and RhoGDI-a might prevent
MPA-induced B-cell death [39]. Heller and associates
[40] have reported a significant increase in the abun-
dance of caspase 3-cleaved product of Rho GDI2 in
T lymphocytes exposed to MPA. Based on additional
data these researchers concluded that MPA can mod-
ulate Rho GDI2 levels in T lymphocytes, thereby poten-
tially disrupting cell-signalling pathways important for
T-cell function. Rho GDI2 (also known as GDIp or
LyGDI) has been shown to play critical regulatory

SMALL GTPASES (&) 327

roles in the functional activation of small G proteins,
including Racl, and in this context, we have recently
reported critical regulatory roles for Rho GDI2 in glu-
cose-stimulated Racl activation, paradoxically, not
affecting insulin secretion [41]. Potential regulatory
roles of GDI2 in apoptosis of the islet beta cell under
conditions of GTP depletion remain understudied.
What then are potential functional consequences of
GTP depletion on G protein function in the pancreatic
beta cell? As highlighted in above sections, long term
depletion of GTP prevented the ability of glucose to
acutely stimulate the CML of Cdc42 [27] and Gy2 and
Gy5 subunits [28]. Furthermore, studies have also
demonstrated that depletion of endogenous GTP leads
to inhibition of glucose-induced Racl activation and
ROS generation in pancreatic beta cells [29]. These
data suggest that alterations in intracellular GTP (via
use of MPA) leads to functional inactivation of
G proteins. Such inhibitory effects seen following expo-
sure of cells to MPA are due to depletion of endogen-
ous of GTP, since coprovision of guanosine prevented
the effects of MPA. Taken together, data from multiple
investigations suggest that depletion of intracellular
GTP pools, via inactivation of IMPDH using MPA,
results in functional dys-regulation of G proteins.

Roles of Rho GTPases in islet beta cell function
in health and diabetes

Rho G Proteins in physiological insulin secretion

Using a variety of experimental (cell biological, physio-
logical, pharmacological and molecular biological)
approaches, several laboratories have provided compel-
ling evidence suggesting critical regulatory roles for
Rho G proteins (Cdc42 and Racl) in GSIS in clonal
beta cells, rodent islets and human islets (11-13 for
reviews). Interestingly, insulin secretion facilitated by
a membrane depolarizing concentration of KCl appears
not to require the intermediacy of these G proteins. It
has also been shown that the cascade of events leading
to GSIS involve sequential activation of at least three
small G proteins, namely Arf6 (~ 1 min), Cdc42 (~
3 min) and Racl (~15 min). In addition to these
G proteins, several lines of evidence implicate critical
regulatory roles for Rab G proteins in physiological
insulin secretion [11-13]. It is noteworthy that, as indi-
cated in the above sections, several regulatory proteins/
factors for these G proteins, namely GEFs and GDIs
have been identified and characterized in the islet beta
cell [13]. Requisite nature of these proteins/factors in
physiological insulin secretion was confirmed by many
laboratories in a variety of insulin-secreting cells. The
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reader is referred to recent reviews highlighting the
findings in support of the postulation that small
G proteins play critical regulatory roles in islet beta
cell function, including insulin secretion, proliferation
and apoptosis [11-13,17].

Published evidence also suggests that Rho G proteins
undergo a variety of post-translational modifications,
including prenylation and CML at their C-terminal
cysteine residues. Using a variety of experimental
approaches, namely dominant negative mutants, siRNA
for prenyl and methyl transferases as well pharmacologi-
cal inhibitors, several studies have implicated requisite
roles for these modifications in cascade of events leading
to GSIS [12,13,17]. Studies have also demonstrated acti-
vation of prenyltransferase activities by glucose under
conditions favourable to GSIS [42]. Lastly, evidence is
also available in the literature to support that post-
translational prenylation of these G proteins (e.g. Racl)
is necessary for its translocation to the plasma membrane
for optimal effector activation [12,13,17]

Additional support for a regulatory role for Racl in
insulin secretion came from the Racl knockout animal
models. For example, studies by Asahara and co-workers
[43] have demonstrated that Racl-null [ﬁRacl_/ "] mice
exhibited impaired glucose tolerance and hyperinsuline-
mia. Glucose-, but not KCl-induced insulin secretion, was
markedly attenuated in islets from the Racl null mice. The
B-cell mass or islet density remained unaltered in these
mice. Based on these findings, it was concluded that Racl
plays a key regulatory role in insulin secretion primarily
through regulating cytoskeletal reorganization. Along these
lines, investigations by Greiner et al [44] suggested that
Racl null mice exhibited marked alterations in islet mor-
phogenesis. In addition, the p-cell spreading and migration
were significantly reduced in this model. Cell-to-cell con-
tact of D-cadherin was also increased in Racl-null mice.
Actin remodelling and cell spreading induced by betacel-
lulin was also not demonstrable in the transgenic islets.
Altogether, available evidence supports the viewpoint that
Rho GTPases play critical regulatory roles in physiological
insulin secretion.

What then are some representative signalling pathways
that are regulated by Rho G proteins in the sequence of
events leading to GSIS? Pi and Collins have proposed that
ROS play a second messenger role in islet B-cell function
[45]. They reported that glucose-mediated generation of
H,0, alters intracellular redox status, leading to augmen-
ted GSIS; such effects were attenuated by coprovision of
antioxidants. These findings were further strengthened by
Leloup and co-workers, suggesting that generation of
mitochondrial ROS is a requisite stimulus for GSIS to
occur [46]. Along these lines, Morgan and co-workers
have reported a transient increase in the generation of

ROS mediated by Nox2 is necessary for physiological
insulin secretion [47]. In further support of this postula-
tion, we tested the hypothesis that activation of specific
G proteins is necessary for nutrient-mediated intracellular
generation of ROS in clonal beta cells and normal rat islets
[29]. Our findings revealed that stimulation of these with
glucose or a mixture of mitochondrial fuels (mono-
methyl succinate plus KIC) significantly promoted intra-
cellular accumulation of ROS, which was attenuated by
selective inhibitors of Nox2 or siRNA-p47°"°%, one of the
components of the cytosolic core of Nox2. We also noted
significant inhibition of glucose-induced ROS generation
by inhibitors of protein prenylation, suggesting critical
roles for protein prenylation in the signalling steps leading
to glucose-induced ROS generation. In addition, as stated
in the above sections. depletion of endogenous GTP levels
with MPA resulted in inhibition of glucose-induced acti-
vation of Racl and ROS generation in these cells. Based
on these data, we concluded that Racl activation repre-
sents one of the signalling steps necessary for glucose-
mediated generation of ROS in the pancreatic -cells [29].

Interestingly, NADPH oxidase-derived ROS have been
implicated in cytoskeletal remodelling and cell migration
[48]. Investigations along these lines provided novel clues
with regard to roles of Rho G proteins (e.g. Racl) in
glucose-induced cytoskeletal remodelling and insulin
secretion. We reported that pharmacological or siRNA-
mediated inactivation of FTases resulted in marked
attenuation of glucose-stimulated ERK1/2 and Racl acti-
vation and insulin secretion [49]. We also observed that
pharmacologic inhibition of Raf-1 kinase markedly
reduced the stimulatory effects of glucose on ERK1/2
phosphorylation, Racl activation, and insulin secretion,
suggesting that Raf-1 kinase activation may be upstream
to ERK1/2 and Racl activation leading to glucose-
induced insulin release. Lastly, siRNA-mediated silencing
of endogenous expression of ERK1/2 markedly attenu-
ated glucose-induced Racl activation and insulin secre-
tion. Based on these findings we proposed that protein
farnesylation-dependent Raf/ERK module links to cytos-
keletal remodelling and organization to promote GSIS in
islet beta cells [49].

Studies by Kalwat and co-workers [50] further docu-
mented regulatory roles for Cdc42 in the cascade of
events leading to glucose-induced cytoskeletal remodel-
ling in pancreatic beta cells. They tested the hypothesis
that a Cdc42-activated PAK1 signalling cascade is
required to elicit F-actin remodelling to mobilize gran-
ules to the cell surface. Using live-cell imaging and
pharmacological approaches they demonstrated critical
roles for PAK1 in glucose-induced Racl-mediated
F-actin remodelling and insulin secretion. Based on
these and additional complementary data, they



proposed that glucose-mediated activation of Cdc42
leads to activation of PAK1 and prompts activation of
its downstream targets Raf-1, MEK1/2 and ERK1/2 to
elicit F-actin remodelling and recruitment of insulin
granules to the plasma membrane to support the sus-
tained phase of insulin release [50].

Lastly, using pharmacological and siRNA
approaches, we recently identified Vav2 as one of the
GEFs for Racl in mediating glucose-induced actin
remodelling and insulin secretion [51]. We observed
a significant inhibition of glucose-induced Racl activa-
tion and insulin secretion in INS-1 832/13 cells trans-
fected with siRNA-Vav2. Furthermore, Ehop-016,
a novel small molecule inhibitor of the VAV2-Racl
signalling module also attenuated glucose-induced
Racl activation and GSIS in INS-1 832/13 cells; these
pharmacological findings were also confirmed in pri-
mary rat islets. Lastly, real-time imaging in live INS-1
832/13 cells indicated a significant inhibition of glu-
cose-induced cortical actin remodelling by Ehop-016.
Together, these findings provided the first evidence to
implicate VAV2 in glucose-induced Racl activation,
actin remodelling and GSIS in pancreatic beta cells.

Based on the above discussion, it may be surmised that
exposure of pancreatic beta cells to stimulatory glucose
concentrations leads to transient activation of Arf6-Cdc42
-Racl signalling module, which, in turn, promotes accu-
mulation of Nox2-derived ROS. Intracellular accumula-
tion of ROS, in addition to other metabolic steps
described above, might enable actin remodelling thereby
promoting conditions conducive for translocation of
insulin-laden secretory granules towards the plasma
membrane for fusion and exocytotic secretion of insulin
(Figure 2). It should be noted that these sequence of
events are under the precise control of post-translational
modification of Rho G proteins (e.g. prenylation and
CML), which play requisite roles in mediating not only
association of the candidate G proteins with relevant
membrane compartments, but also in optimal interaction
with appropriate effectors for their activation. Also, it
should be noted that the acute activation of Arf6-Cdc42-
Racl signalling axis is under the control of their respective
GEFs (e.g. ARNO, B-PIX, Tiaml and Vav2). The reader is
referred to recent reviews in the field for an overview of
these intricate regulatory mechanisms underlying
G protein-mediated GSIS [11-13,17].

Rho G proteins in islet beta-cell dysfunction

In addition to contributing to physiological insulin
secretion, certain Rho G proteins (e.g. Racl) have
been shown to play non-beneficial roles in beta cell
function, specifically in promoting cellular events that
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may be damaging to the beta cell function [18]. For
example, recent studies from our laboratory have
demonstrated sustained activation of Racl in clonal
beta cells, normal rodent and human islets following
exposure to high glucose (glucotoxicity), saturated fatty
acids (lipotoxicity), pro-inflammatory cytokines, and
biologically active sphingolipids, such as ceramide
[17-19]. Hyperactivation of Racl was also noted in
islets derived from human subjects with type 2 diabetes
(T2DM) and islets derived from animal models of
T2DM [52]. Furthermore, sustained activation of Racl
has been shown to contribute to constitutive activation
of Nox2, thereby promoting intracellular accumulation
of ROS leading to increased oxidative stress [17-19,52].
Such conditions promote activation of stress kinases
(p38 and JNK1/2) to induce abnormalities in mito-
chondrial function, and downstream apoptotic signal-
ling steps including caspase 3 activation and nuclear
lamin degradation. Recent evidence indicated that
hyperactivation of Racl leads to its mistargeting to
the nuclear fraction in clonal beta cells, normal rat islets
and human islets. Interestingly, nuclear association of
Racl has been shown to be independent of its prenyla-
tion status [53]. Along these lines, we recently reported
that exposure of islet beta cells to metabolic stress
(glucolipotoxicity and ER stress) results in functional
inactivation of protein prenyltransferases (due to degra-
dation the common a-subunit of FTase/GGTase by
caspase 3) leading to inhibition of candidate
G proteins [54]. Based on these findings we proposed
that non-prenylated G proteins are constitutively acti-
vated leading to inappropriate localization of these
proteins in irrelevant cellular compartments.
Prenylation-independent activation of Rho G proteins
has been demonstrated in multiple cell types under
various experimental conditions, including in animal
models where the prenylating enzymes are deleted
[55-57] and refs. therein). Taken together, these find-
ings have led us to propose that metabolic stress
induces mitochondrial dysregulation and caspase acti-
vation; such effects may, in part, be due to increased
Nox2-mediated oxidative stress and stress kinase acti-
vation. Caspase 3 activation leads to functional inacti-
vation of prenyltransferases, which, in turn, leads to
sustained activation and mistargeting (nuclear associa-
tion) of Racl to accelerate apoptotic signalling path-
ways culminating in metabolic dysfunction and demise
of the islet beta cell (Figure 2). It is noteworthy that
both Tiaml and Vav2 appear to play important roles as
GEFs in promoting Racl activation. The reader is
referred to several recent reviews in the field, which
highlight supporting evidence in support of the pro-
posed model in Figure 2 [13,15,17-19].
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Figure 2. Acute and chronic regulatory effects of glucose on the pancreatic beta cell.

Based on the available evidence | propose that under acute regulatory conditions (left) exposure of pancreatic beta cells to stimulatory
glucose concentrations leads to activation of small G proteins, including Rac1 leading to transient increase in the intracellular ROS levels.
These, in turn, promote cytoskeletal-remodelling leading to translocation of insulin-laden secretory granules to the plasma membrane for
fusion and release of insulin into circulation. Pharmacological and molecular biological studies revealed that at least two GEFs, namely
Tiam1 and Vav2 partake in the activation of Rac1 under these conditions. On the other hand, exposure of pancreatic beta cells to
metabolic stress conditions (right) leads to sustained activation of Rac1, also mediated by Tiam1 and Vav2. Sustained activation of Rac1
leads to increased intracellular oxidative stress, which may, in part, due to activation of Nox2. Rac1 is one of the members of the cytosolic
core of Nox2, which, upon activation, translocates to the membrane for association with other members of Nox2 core to complete
holoenzyme assembly and activation of Nox2. Increased intracellular oxidative stress leads to activation of stress kinases (p38MAPK and
INK1/2) to promote mitochondrial dysfunction and eventual demise of the effete beta cell by programed cell death. In addition to
increased generation of ROS, relatively low levels of antioxidant enzymes (see text for additional details) in the islet beta cell could
further contribute to its metabolic dysfunction and eventual demise. (This figure is a modified version of Figure 3 originally published by

the author in ref [52].

In summary, based on above discussion, it is evident
that Rho-like G proteins play novel regulatory roles in
physiological secretion. In addition, certain Rho
GTPases (Racl) are constitutively activated under
metabolic stress conditions, leading to acceleration of
multiple signalling pathways (stress kinase activation
and mitochondrial dysfunction) to promote beta cell
dysfunction. It is noteworthy that sustained activation
of Racl has been shown to occur in many cell types,
besides the pancreatic beta cell, leading to cellular dys-
function [58-61]. Potential mechanisms underlying
activation of this G protein remain less understood.
Inhibition of prenylation appears to be a plausible reg-
ulatory mechanism. This postulation is further con-
firmed in model systems, including the islet beta cell
wherein prenylation of the G proteins is inhibited by
depleting intracellular mevalonic acid (MVA) pools
using cholesterol lowering statins [62]. MVA is
a precursor for isoprenoid biosynthesis, thus blocking
MVA biosynthesis (using statins) attenuates protein
prenylation pathway culminating in the accumulation

of unprenylated G proteins in the soluble compart-
ment. It should be noted that, in addition to inactiva-
tion of prenyltransferases under metabolic stress
conditions, it is also likely that defects in protein pre-
nylation might be occurring at other ‘arms’ of the
protein prenylation pathway. In this context, Jiang
and co-workers [63] recently demonstrated requisite
roles for granylgeranyl pyrophosphate synthase
(GGPPS) in islet function in health and diabetes. This
enzyme mediates intracellular generation of geranylger-
anyl pyrophosphate (GGpp), a substrate for geranylger-
anyl transferase, which prenylates Rho G proteins,
including Racl. Functional activation of GGPPS in
islets from db/db mice was shown to increase during
the initial compensatory period, followed by a sharp
decline during the onset of insulin secretory abnorm-
ality. Furthermore, conditional deletion of GGPPS in
the islet P-cell resulted in depletion of intracellular
GGpp and membrane targeting of Rab27A, and
reduced the number of insulin granules in the proxi-
mity of the plasma membrane. Together, these findings



indicated significant defects in granule docking in
GGPPS-null mice, leading to decreased GSIS. It should
be noted that decreased levels of GGpp and defective
catalytic function of GGPPS under diabetic conditions,
as shown by Jiang et al, could result in impaired pre-
nylation of other Rho G proteins, including Racl. Thus,
data accrued from the investigations of Jiang et al pro-
vide compelling evidence to implicate defects in roles
for G-protein prenylation in islet function, including
translocation and docking of insulin-laden secretory
granules to the plasma membrane for their fusion and
secretion of insulin. They further affirm roles of gera-
nylgeranylated Rab27A in these cellular events. More
importantly, these findings also suggest significant
defects in these signalling mechanisms in islets derived
from an animal model of T2DM. Future investigations
along these lines should provide valuable insights in not
only identifying novel targets that regulate islet func-
tion under normal physiological conditions, but also
potential abnormalities in the functions of those pro-
teins that could lead to dysregulation of insulin secre-
tion and islet function under the duress of metabolic
stress and diabetes. Lastly, available evidence in other
cell types appears to suggest a significant degree of
cross talk between Racl and Rab G proteins in health
and disease. For example, in a recent review, Margiotta
and co-workers highlighted potential consequences of
aberrant interaction between Racl and Rab GTPases
leads to pathologies including cancer, neurological dis-
eases, infections, and bone-related diseases [64]. These
aspects of potential cross talk between Rho and Rab
GTPases in health and diabetes remain unexplored in
the context of the islet beta cell.

Do anti-diabetic agents improve Rac1-mediated
cell dysfunction?

Recent studies have addressed this question. Some
examples are included below. Recent investigations
[53] from our laboratory have demonstrated that, met-
formin, an anti-diabetic drug, prevents sustained acti-
vation of Racl and its nuclear localization under the
duress of glucotoxicity. We also reported that metfor-
min inhibits high glucose-induced stress kinase
(p38MAPK and p53) activation and associated mito-
chondrial dysregulation (caspase 3 activation) in insu-
lin-secreting INS-1 832/13 cells. Lastly, metformin
treatment relieved high glucose-induced loss in meta-
bolic cell viability in these cells. Based on the findings,
we concluded that glucotoxic conditions promote
G protein (Racl) associated metabolic defects in the
pancreatic beta cells, which are prevented by metfor-
min. Together, these data provide evidence for novel
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targets for metformin, specifically at the level of pan-
creatic B-cell. Along these lines, using insulin-secreting
MING cells, Jiang et al [65] reported significant protec-
tive effects, by metformin, against palmitate-induced
mitochondrial dysfunction (caspase activation) and
cell death. Although potential regulatory roles of Racl
in these signalling steps was not investigated, earlier
investigations from our laboratory suggested regulatory
roles for Racl in palmitate- and ceramide-mediated
dysregulation of the islet beta cell [19].

Li et al [66] have recently evaluated protective effects of
glucagon-like peptide-1 (GLP-1) on high-glucose-induced
oxidative stress in vascular endothelial cells. Their findings
revealed prevention of high glucose-induced ROS produc-
tion and cell apoptosis by GLP-1 in these cells. From
a mechanistic standpoint, they reported significant upre-
gulation of NOX4, p47phox, and Rac-1 and translocation
of p47phox in cells under the duress of hyperglycaemic
conditions; these effects were prevented following pre-
treatment of cells with GLP-1. These findings affirm utility
of GLP-1 in preventing vascular complications via inhibi-
tion of Racl-induced metabolic effects.

In a recent study, Zhao and co-workers [67] inves-
tigated protective effects of Exendin-4, a GLP-1 recep-
tor agonist, against angiotensin (ANG) II-induced
premature senescence in vascular smooth muscle cells
(VSMCs). They noted significant attenuation, by
Exendin-1, of ANG II-induced oxidative stress and
senescence in VSMCs. Furthermore, a significant inhi-
bition of ANG II-induced p53 and p21 levels were
reported in Exendin-4-treated cells. Findings from
complementary investigations suggested that Exendin-
4 prevented ANG II-induced Racl activation through
the cAMP/PKA signalling pathway. Based on these
findings, the authors concluded that GLP-1 analogs
may hold promise in the treatment of treatment of
cardiovascular vascular complications of diabetes.

Lastly, Kim et al [68] determined the effects of
sitagliptin (MKO0431), a known inhibitor of dipeptidyl
peptidase IV, on the survival of transplanted islets in
non-obese diabetic mice, an established model for type
1 diabetes. Their findings revealed a significant increase
in the islet graft survival in animals treated with sita-
gliptin. They also noted a significant decrease in insu-
litis in these animals treated with the inhibitor.
Furthermore, a significant increase in the activation of
protein  kinase = A/Racl-mediated migration of
CD4 + T-cells was observed following treatment with
sitagliptin in vitro. Based on these findings they con-
cluded that dipeptidyl peptidase IV inhibition improves
islet graft survival in NOD mice via T-cell modulation,
which is dependent on cAMP-protein kinase A-Racl
signalling module.
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In summary, published evidence, albeit modest,
appears to indicate beneficial effects of anti-diabetic
compounds in improving Racl-mediated metabolic
dysfunction in a variety of cell types. Additional studies
are needed to further substantiate the postulation that
Racl serves as a therapeutic target for halting metabolic
defects in cells exposed to diabetic conditions.

Conclusions and future directions

Experimental evidence overviewed in this article impli-
cates critical regulatory roles for intracellular GTP and
Rho GTPases in physiological insulin secretion. These
proteins are regulated by a variety of proteins/factors
that would facilitate the conversion of these GTPases to
their active and inactive configurations. In addition,
post-translational modifications of these G proteins,
such as prenylation and CML, are essential for their
targeting to relevant compartments for their interaction
with effector proteins in an optimal fashion. In contrast
to their beneficial roles in regulating beta cell functions,
including insulin secretion, these G proteins, specifi-
cally Racl, appear to play non-beneficial roles in induc-
tion of beta cell dysfunction under the duress of
metabolic stress. Several targets have been identified
for the damaging effects of Racl, including activation
of Nox2 and stress kinases. Activation of Nox2 leads to
increased oxidative stress and acceleration of down-
stream signalling steps [14,15,17-19]. It is important
to note that poor anti-oxidant defence mechanisms that
are inherent to the beta cell [69-71] makes the situation
much worse culminating in extensive damage to cellu-
lar function under metabolic stress conditions.

At least, based on the available evidence, it is reason-
able to speculate that defective prenylation as one of the
contributing factors for sustained activation and mis-
targeting of Racl under these conditions. Increased
oxidative stress and associated activation of stress
kinases (as above) appear to contribute to mitochon-
drial defects and nuclear collapse leading to loss of
functional beta cell mass and onset of cell dysfunction.
Additional studies are needed to further validate these
hypotheses in order to gain a better understanding of
the cellular events that involve these key signalling
proteins. Such an understanding is critical towards the
development of therapeutics for prevention of beta cell
dysfunction in metabolic stress and diabetes. Studies
involving anti-diabetic compounds are encouraging,
but preliminary. They need to be studied in depth.

Findings of functional defects in protein prenylation in
the diabetic islet as one of the regulatory mechanisms for
sustained activation and mislocalization of Racl need to be
extended further. Potential defects are identified including

degradation of the prenyltransferase by caspase 3, loss in
catalytic function of prenyltransferases, as well as defects in
GGPS activity in diabetic islets. A methodical investigation
of these defects in diabetic beta cells, including the flux of
GGpp and Fpp may be necessary to further assess the
contributory roles of these metabolites for optimal func-
tioning of the islet beta cell. Protein prenylation-
independent activation of Rho GTPases (e.g. Racl) in the
onset pathologies, such as rheumatoid arthritis has been
elucidated recently [57]. As indicated above, potential cross
talk between Rho and Rab GTPases in normal and diabetic
beta cell remain an understudied area of investigation.

Studies of roles of intracellular GTP in islet function,
including beta cell proliferation and insulin secretion have
provided much needed insights. Furthermore, GTP is
involved in other metabolic functions of the beta cell
including regulation of critical signalling pathways neces-
sary for G protein activation and function. An important
question that need to be answered is whether or not levels
of GTP within the beta cell are altered under conditions of
metabolic stress and diabetes in order to cause functional
defects. Data from islets derived from the Goto-Kakizaki
rat, a model for T2DM, indicated no appreciable differ-
ences in basal or glucose-stimulated levels of ATP, ATP/
ADP, GTP, GTP/GDP between islets derived from the
control Wistar and diabetic GK rat islets. However, the
catalytic activity of nucleoside diphosphate kinase (NDPK),
which transphosphorylates GDP to GTP in the presence of
ATP was significantly lower in diabetic islets compared to
control islets [72]. Such metabolic defects have been impli-
cated in the alterations in compartmentalized activation of
G proteins, most notably via non-canonical activation
mechanisms [13]. Mechanistic studies are needed to
further address potential implications of such defects in
terms of functional alterations in G protein-dependent
alterations in cell function. Lastly, relative contributory
roles of overall cellular energy status (adenylate and gua-
nylate energy charge [73-75]) in the optimal functioning of
the islet beta cell, and potential alterations in the net energy
charge in the beta cell under metabolic stress conditions
merit detailed investigations.
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